The feasibility of using low cost, unpowered, unshielded dynamic microphones is investigated for cost effective contactless sensing of impact-echo signals in concrete structures. Impact-echo tests on a delaminated concrete slab specimen were conducted and the results were used to assess the damage detection capability of the low cost system. Results showed that the dynamic microphone successfully captured impact-echo signals with a contactless manner and the delaminations in concrete structures were clearly detected as good as expensive high-end air pressure sensor based non-contact impact-echo testing.
Introduction
The impact-echo (IE) method is a mechanical wave-based NDT technique widely used in civil engineering field. A conventional IE testing setup consists of a contact type sensor, impact source (generally a steel ball is used), and data acquisition/ processing/storage system (Malhotra and Carino, 2004) . A working principle of IE testing for concrete is as follows. When a steel ball applies (e.g. an impact event) on the surface of a tested concrete, transient waves are generated in the concrete. The resulting transient surface motion, which is set up by a vibration resonance through the thickness of the element (thickness stretch mode), is detected by a contact sensor mounted on the surface. The obtained time domain signal is then transformed to frequency domain (amplitude spectrum), where the frequency value at the maximum amplitude (peak) is monitored. The thickness (or depth to defects) is related to P-wave velocity and peak frequency of the frequency spectrum by       (1) where  is approximately 0.96 for plate-like structures (Sansalone and Streett, 1997) . Therefore, when an internal air-filled defect such as delamination lies below the IE test location, the IE resonance frequency is altered indicating the location of the defect from the test surface.
Due to its simple working principle and testing setup, the IE method has been applied various NDT problems in civil engineering field and has shown its special effectiveness in locating and estimating a real size of delamination damages in concrete structures (Schubert and Köhler, 2008 Recently, contactless sensing technique for impact-echo method has been developed using air-coupled sensors (Zhu and Popovics, 2007 ). An obvious advantage of this contactless sensing technique is that it greatly speeds up the data collection in field, and thus the damage detection can be processed rapidly. The basic idea of air-coupled sensor based IE is that the generated wave motion of the surface generates acoustic waves that "leak" into the surrounding fluid, e.g. the air. Although the magnitudes of these waves are very small due to large acoustic impedance mismatch between solid and air, air-coupled IE can detect these leaky wave components in the air, using an air pressure sensor, to characterize the surface motions indirectly. Therefore, the testing setup and signal processing is the same as the conventional IE except for the sensing unit. Unfortunately, however, widespread application of contactless IE method is hindered by high cost of sensor, external power source, and acoustic shielding that normally are required with conventional high-end air pressure sensors. The set-up cost for testing equipment is one of the principal concerns for field implementation of NDT techniques.
The aim of this study is to explore the feasibility of using low cost, unpowered, unshielded dynamic microphones for contactless sensing of IE signals for delamination damage detection in concrete structures. IE tests on a delaminated concrete slab were conducted and the results were used to assess the damage detection capability by the low cost system.
Air Pressure Sensors for Contactless Sensing
The types of air pressure sensor can largely be categorized into two types: condenser sensors (capacitance change type) and dynamic microphones (electromagnetic induction type) (Borwick, 1990) .
A main difference between two types is the principle by which they convert acoustic phenomena to electric signals. In condenser sensors as shown Other models of dynamic microphone range in price from 200 to 500 USD. Although the dynamic microphones offer these benefits, the sensitivity and detection capability for concrete NDT have not been established to date.
Test Specimen and Setup
Since the main purpose of this study is to evaluate the utility of dynamic microphones for air-coupled IE as reported by Zhu and Popovics, the same concrete slab specimen will be used in this study.
The slab is nominally 0.25 m thick with 1.5 m by 2.0 m lateral dimensions. The measured nominal P-wave velocity of the concrete was 4100 m/s. for the delamination detection using the dynamic microphone.
Detection Capability for Deep Delamination Cases

Detection Capability for Shallow Delamination Cases
For shallow delaminations, the peak frequencies of the leaky IE signals are lower than the full thickness frequency as shown in Fig. 6(a) . In those 핵심 용어 : 충격-반향기법, 비접촉 측정, 저비용 음압 센서, 다이나믹 마이크로폰 frequency over delamination #3 is 7.68 kHz, which is the same with the result for deep delamination #7. It is noting that the high sensitivity air pressure sensors used by others can sense vibrations at much higher frequencies, up to 60 kHz.
Conclusion
In this study, the feasibility of using low cost, 
